Introduction
============

Waldenström macroglobulinemia (WM) is an IgM-secreting lymphoplasmacytic lymphoma.^[@R1]^ Whole genome sequencing has identified highly recurrent activating somatic mutations in *MYD88* and *CXCR4*.^[@R2],[@R3]^ Mutated *MYD88* triggers NF-κB activation through Bruton tyrosine kinase (BTK) and IRAK1/IRAK4, and transactivates the SRC family member hematopoietic cell kinase (HCK).^[@R4],[@R5]^*CXCR4* mutations promote enhanced AKT and ERK1/2 pro-survival signaling, and confer in vitro and clinical resistance to ibrutinib.^[@R6]--[@R10]^

Ibrutinib is an orally administered, small molecule inhibitor of BTK and HCK. In 2015, ibrutinib received approval by the United States Food and Drug Administration for the treatment of symptomatic patients with WM. The regulatory approval of ibrutinib was based on a prospective, multi-center, single-arm phase II study in which 63 patients with relapsed/refractory WM received ibrutinib 420 mg PO QD until disease progression or unacceptable toxicity. In this study, ibrutinib was highly active with an overall response rate (ORR) of 91%, major response rate (MRR) of 73%, and estimated 2-year progression free survival (PFS) and overall survival (OS) of 69% and 95%, respectively.^[@R8]^ Continued durable activity of ibrutinib in these patients was recently reported with an estimated 5-year PFS of 54%.^[@R10]^ An important finding was the identification of *MYD88* and *CXCR4* mutations as determinants of ibrutinib outcomes. Patients with wild-type (WT) *MYD88* had no major responses and a median PFS of 5 months to ibrutinib.^[@R11]^ Among patients with mutated *MYD88*, the presence of *CXCR4* mutations was associated with lower response rates, delayed response attainment, as well as shorter median PFS (42 months vs not reached \[NR\]) with prolonged follow-up.^[@R10]^ Similar findings for ibrutinib monotherapy have been reported in phase II trials including 31 rituximab-refractory WM patients and 30 treatment-naïve WM patients.^[@R9],[@R12]^

Despite the high efficacy reported in clinical trials, data on outcomes to ibrutinib outside clinical trials are limited in WM patients. It is unclear whether such activity translates to the routine clinical care of WM patients. We therefore designed a comparative study to evaluate the depth of response as well as PFS and OS rates in WM patients treated with ibrutinib monotherapy on and off clinical trials.

Patients and methods
====================

Patient selection
-----------------

We included WM patients in two prospective studies (ON trial; NCT01614821 and NCT02604511) and WM patients from a prospectively maintained database (OFF trial) who received ibrutinib monotherapy at our institution. Signed informed consent for therapy and medical record review for research purposes was obtained for all patients. All patients were ≥18 years old and met the 2nd International Waldenström Macroglobulinemia Workshop (IWMW-2) criteria for a clinicopathological diagnosis of WM and criteria to treat.^[@R1]^ Patients who received ibrutinib for Bing-Neel syndrome were excluded. This study was approved by the Institutional Review Board at the Dana-Farber Cancer Institute.

Data gathering
--------------

Medical files were manually reviewed to gather pertinent data, including baseline clinical characteristics, *MYD88* and *CXCR4* mutational status, time to ibrutinib therapy, and response rates as well as PFS and OS to ibrutinib therapy. Time to ibrutinib therapy was defined as the time between diagnosis of WM and ibrutinib initiation. Response to ibrutinib was assessed using modified 6th IWWM criteria,^[@R13]^ in which decrease in extramedullary disease was not required for partial (PR and very good partial response (VGPR) but was required for complete response (CR). PFS was defined as the time from ibrutinib initiation until last follow-up, disease progression, or death. OS was defined as the time from ibrutinib initiation last follow-up or death from any cause. The presence of *MYD88* and *CXCR4* mutations was assessed using allele-specific polymerase chain reaction (AS-PCR) and Sanger sequencing methods on CD19-sorted cells derived from bone marrow aspirates. AS-PCR was used for *MYD88 L265P* and nonsense *CXCR4* mutations, whereas Sanger sequencing was used for frameshift *CXCR4* mutations and non-L265P *MYD88* mutations, as previously described.^[@R3],[@R14],[@R15]^

Statistical analysis
--------------------

Patient characteristics are presented using descriptive statistics. Differences in clinical characteristics and response rates to ibrutinib between groups were assessed using Chi-square and Fisher exact tests. The Kaplan-Meier method for incomplete observations was used to generate time to event estimates, and comparisons were made using the log-rank test. Univariate and multivariate Cox proportional hazard regression models were fitted to evaluate the association between clinical variables and PFS; outcomes are reported as a hazard ratio (HR) with 95% confidence interval. P values \<0.05 were considered statistically significant. Graphs and calculations were obtained using STATA (StataCorp, College Station, TX).

Results
=======

Patient characteristics
-----------------------

A total of 229 WM patients treated with ibrutinib monotherapy were included in the analysis; 72 patients ON trial and 157 patients OFF trial. The median time to ibrutinib initiation for ON trial and OFF trial patients was 3.1 years (95% CI 2-4.9) and 3.5 years (95% CI 2.3--5.1), respectively (log-rank p = 0.38; Fig. [1](#F1){ref-type="fig"}). Baseline clinical characteristics at the time of ibrutinib initiation are shown in Table [1](#T1){ref-type="table"}. Patients ON trial had a lower median age at ibrutinib initiation (66 vs 68 years; p = 0.04) and had higher median serum β2-microglobulin level (4.0 vs 3.4 mg/dl; p = 0.02) than patients OFF trial. Also, patients ON trial were more likely to have bone marrow involvement ≥60% (65% vs 50%; p = 0.03) and be male (76% vs 59%; p = 0.01) than patients OFF trial. No other statistical differences between ON and OFF trial patients were detected.
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###### 

Clinical characteristics of Waldenström macroglobulinemia patients on and off clinical trials at the time of ibrutinib monotherapy initiation.
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The most common indications to treat in ON trial patients were anemia (57%), constitutional symptoms (50%), neuropathy (8%), hyperviscosity (7%) and extramedullary involvement (4%). The most common indications to treat in OFF trial patients were anemia (57%), hyperviscosity (25%), constitutional symptoms (24%), extramedullary involvement (11%) and neuropathy (7%). OFF trial patients were less likely to start treatment due to constitutional symptoms (24% vs 50%; p \< 0.001) and more likely due to hyperviscosity (25% vs 7%; p = 0.001) than ON trial patients.

Response rates
--------------

Data on response at 6, 12, and 24 months and best response were available on 190 (83%), 157 (69%), 125 (55%), and 229 patients (100%), respectively. Categorical responses to ibrutinib in WM patients ON and OFF trials at 6, 12, and 24 months and at best response are shown in Figure [2](#F2){ref-type="fig"}. No difference in categorical responses were observed at 6 months (p = 0.64), 12 months (p = 0.83), 24 months (p = 0.40), and at best response (p = 0.73) following ibrutinib initiation between ON trial and OFF trial patients.

![**Categorical responses at 6 months, 12 months, 24 months and at best response**.](hs9-4-e363-g003){#F2}

At the best response, the rates of major response for ON trial and OFF trial patients were 81% and 75%, respectively (p = 0.32). In ON trial patients, the rate of major response was higher in patients without than in patients with CXCR4 mutations (93% vs 62%; p = 0.001), and higher in patients with than in patients without MYD88 mutations (0% vs 83%; p = 0.03). In OFF trial patients, the rate of major response was higher in patients without than in patients with CXCR4 mutations (80% vs 62%; p = 0.03), and higher in patients with than in patients without MYD88 mutations (33% vs 74%; p = 0.11). No differences in major response were detected between ON and OFF trial patients among those with *CXCR4* mutations (62% vs 62%; p = 0.99), without *CXCR4* mutations (93% vs 80%; p = 0.10), with *MYD88* mutations (83% vs 74%; p = 0.17) and without *MYD88* mutations (33% vs 0%; p = 0.75).

Survival outcomes
-----------------

The median follow-up was longer for ON trial patients than OFF trial patients at 62 months (32--68 months), and 35 months (95% CI 32--38 months), respectively (log-rank p \< 0.001). At the time of this report, 46 patients had progressed (16 ON trial and 30 OFF trial; p = 0.59), and 30 patients had died (10 ON trial and 20 OFF trial; p = 0.81).

There was no difference in PFS on ibrutinib observed between ON trial and OFF trial patients (log-rank p = 0.14; Fig. [3](#F3){ref-type="fig"}A). The 4-year PFS rates for ON trial and OFF trial patients were 72% (95% CI 56%--83%) and 63% (95% CI 48%--74%), respectively. In ON trial patients, there was a trend towards inferior PFS in *CXCR4* mutated compared with *CXCR4 WT* patients (log-rank p = 0.07). The 4-year PFS rates for *CXCR4* mutated and *CXCR4 WT* patients were 84% (95% CI 68%--93%) and 46% (95% CI 18%--70%), respectively. In OFF trial patients, PFS was inferior in *CXCR4* mutated compared with *CXCR4 WT* patients (log-rank p = 0.02). The 4-year PFS rates for *CXCR4* mutated and *CXCR4 WT* patients were 67% (95% CI 43%--83%) and 47% (95% CI 25%--67%), respectively. No detectable differences in PFS were observed between ON and OFF trial patients among those with mutated *CXCR4* (p = 0.42) and *CXCR4 WT* (p = 0.21). There was an inferior PFS in MYD88 WT versus MYD88 mutated patients in ON trial (p \< 0.001) and OFF trial patients (p = 0.03), but there were no differences in PFS between ON and OFF trial patients among those with mutated *MYD88* (p = 0.12) and *MYD88 WT* (p = 0.10). There were, however, too few events in MYD88 WT patients (n = 1 ON trial and n = 1 OFF trial).
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There were no detectable differences in OS on ibrutinib between ON trial and OFF trial patients (log-rank p = 0.14; Fig. [3](#F3){ref-type="fig"}B). The 4-year OS rates for ON trial and OFF trial patients were 83% (95% CI 73%--90%) and 81% (95% CI 66%--89%), respectively. No detectable differences in OS were observed between *CXCR4* mutated and *CXCR4 WT* patients in ON trial (p = 0.21) and OFF trial patients (log-rank p = 0.94), and no detectable differences in OS were observed between ON and OFF trial patients among those with mutated *CXCR4* (p = 0.12) and *CXCR4 WT* (p = 0.45). There was an inferior OS in MYD88 WT versus MYD88 mutated patients in ON trial (p \< 0.001) and OFF trial patients (p = 0.005), and no detectable differences in OS were observed between ON and OFF trial patients among those with mutated *MYD88* (p = 0.13) and *MYD88 WT* (p = 0.81). There were, however, too few events in MYD88 WT patients (n = 1 ON trial and n = 1 OFF trial).

Ibrutinib discontinuation
-------------------------

At the time of this report, 70 patients had discontinued ibrutinib, 21 ON trial and 49 OFF trial (p = 0.76). In ON trial patients, causes of discontinuation were disease progression (n = 14; 67%), cardiac complications (n = 2; 10%; due to cardiac arrest), death (n = 1; 5%; due to esophageal cancer) and other causes (n = 4; 19%; due to acute myeloid leukemia \[n = 1\], elevated liver function tests \[n = 1\], hematoma \[n = 1\] and thrombocytopenia \[n = 1\]). Discontinuation was considered ibrutinib-related in 5 ON trial patients (24%). In OFF trial patients, causes of discontinuation were disease progression (n = 29; 59%), cardiac complications (n = 4; 8%; atrial fibrillation \[n = 3\] and ventricular tachycardia \[n = 1\]), death (n = 6; 12%; cardiac death \[n = 3\] and disease progression \[n = 3\]) and other causes (n = 10; 20%; fatigue \[n = 2\], musculoskeletal pain \[n = 2\], acute kidney injury \[n = 1\], hematuria \[n = 1\], headache \[n = 1\], thrombocytopenia \[n = 1\], elevated liver function tests \[n = 1\] and mouth sores \[n = 1\]). Discontinuation was considered ibrutinib-related in 17 ON trial patients (35%). The rate of ibrutinib-related discontinuation was not statistically different between ON and OFF trial patients (p = 0.42). The 4-year rates of ibrutinib discontinuation for ON and OFF trial patients were 36% (95% CI 25%--51%) and 44% (39%--67%), respectively (log-rank p = 0.11; Fig. [4](#F4){ref-type="fig"}A).
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After excluding the seven patients who discontinued ibrutinib due to death, the median follow times from ibrutinib discontinuation for ON and OFF trial patients were 34 months (95% CI 20-59) and 23 months (95% CI 9--29), respectively (p = 0.001). The 2-year OS rates after ibrutinib discontinuation for ON and OFF trial were 58% (95% CI 31%--78%) and 61% (41%--76%), respectively (p = 0.77; Fig. [4](#F4){ref-type="fig"}B).

Discussion
==========

Ibrutinib is the first approved therapy for symptomatic patients with WM. The regulatory approval was based on the results of a prospective, multicenter phase II trial in 63 previously treated WM patients.^[@R8],[@R10]^ Similar results were subsequently reported in rituximab-refractory (n = 31) and treatment-naïve (n = 30) WM patients.^[@R9],[@R12]^ We report herein a study comparing outcomes to ibrutinib monotherapy in WM patients treated on and off a clinical trial. The findings validate the high response rates and durable activity of ibrutinib observed in clinical trials by using an independent, real-world cohort of 136 WM patients. Importantly, we provide evidence the efficacy of ibrutinib translates into the routine clinical care of WM patients. To our knowledge, this report is the largest series of ibrutinib-treated WM patients.

In our study, on and off trial patients had similar median times from WM diagnosis to ibrutinib therapy and also had similar distribution of most clinical and laboratory parameters, with exception of on trial patients being slightly younger, with higher median serum β2-microglobulin levels, and higher proportion of bone marrow involvement ≥60% and higher proportion of men than off trial patients. As previously seen in other studies, symptomatic anemia was the most common criterion for initiation of therapy in patients on and off trial.

An important finding was noninferior response and survival outcomes to ibrutinib for WM patients treated outside a clinical trial. This supports the generalizability of ibrutinib clinical trial results in WM, which can be prone to an inherent selection bias from inclusion and exclusion criteria. Among patients treated off trial, we found an estimated 4-year PFS of 69% to ibrutinib. This observation is consistent with cross-trial comparisons between treatment-naïve and rituximab-refractory WM patients, wherein the estimated 18-month PFS to ibrutinib was 86% and 92%, respectively.^[@R9],[@R12]^ Moreover, in the pivotal trial of previously treated WM patients, the median PFS to ibrutinib has not yet been reached and exceeds 5 years; responses in these patients were independent of number of prior lines of therapy and tumor burden.^[@R8],[@R10]^ Differences in sex, serum β~2~-microglobulin level, and bone marrow involvement between on and off trial patients similarly did not impact ibrutinib outcomes. Taken together, these data highlight the targeted nature of ibrutinib in WM patients, and underscore the need for continued rational drug discovery. Next generation BTK inhibitors, such as zanubrutinib and acalabrutinib, are active and currently in development for WM patients.^[@R16],[@R17]^ A randomized phase III trial comparing ibrutinib and zanubrutinib in WM patients is now fully enrolled and results are awaited (NCT03053440).

Data on a real-world experience with ibrutinib in WM were recently reported in a retrospective study by the Mayo group. Eighty consecutive WM patients treated with ibrutinib monotherapy were included, of whom 54 patients had response data available. After a median ibrutinib duration of 12.5 months, the investigators observed an ORR of 91%, MRR of 78%, and estimated 18-month PFS of 82%.^[@R18]^ Similar results were obtained for both treatment-naïve and relapsed/refractory WM patients, and are in line with the present study as well as outcomes from clinical trials of ibrutinib as frontline and salvage therapy.^[@R8]--[@R10],[@R12]^ The investigators also reported the occurrence of an IgM rebound in patients following discontinuation of ibrutinib, including the acute onset of symptomatic hyperviscosity in one patient. We had previously observed an IgM rebound in 73% of WM patients after stopping ibrutinib, of whom 16% developed symptomatic hyperviscosity.^[@R19]^ Nearly half the patients discontinuing ibrutinib had an IgM rebound within 4 weeks. These studies emphasize the importance of closely monitoring serum IgM levels after ibrutinib discontinuation in WM patients.

Outcomes to ibrutinib monotherapy in routine clinical practice were affected by MYD88 and CXCR4 mutational status. Consistent with previous trial data, ibrutinib appears to be less active in WM patients with MYD88 WT disease.^[@R11]^ Recent genomic insights into this subset of WM patients revealed NF-κB activating mutations downstream of BTK, and may explain the lack of activity with ibrutinib.^[@R20]^ We observed CXCR4 mutations were independently associated with an increased risk of progression on ibrutinib. Prior studies have shown CXCR4 mutations confer lower response rates, delayed response attainment, and shorter PFS to ibrutinib.^[@R8]--[@R10],[@R12]^ The iNNOVATE study recently evaluated the combination of ibrutinib-rituximab versus rituximab monotherapy in WM patients. Ibrutinib-rituximab resulted in significantly superior response and PFS rates than rituximab for both treatment-naïve and relapsed/refractory patients.^[@R21]^ CXCR4 mutations also adversely impact outcomes to ibrutinib-rituximab with a shorter 36-month PFS for CXCR4 mutated versus CXCR4 WT patients (64% vs 84%, respectively), although response kinetics for CXCR4 mutated patients appeared faster than ibrutinib monotherapy.^[@R22]^ Moreover, recent data suggest the specific CXCR4 mutation as well as its clonal presence may modulate responses to ibrutinib.^[@R23],[@R24]^ Given the importance of CXCR4 mutations, a phase I/II trial evaluating the CXCR4-blocking antibody ulocuplumab and ibrutinib was initiated in CXCR4-mutated WM patients (NCT03225716). These advances may permit a genomic-based treatment approach to WM patients.^[@R25]^

Approximately, 40% of patients had discontinued ibrutinib at 4 years. Rates of ibrutinib cessation due to adverse events appear consistent between clinical trials^[@R8],[@R9],[@R12]^ and retrospective studies^[@R18],[@R19]^ with an estimated 4-year rate of 30%. Disease progression was the most common cause of ibrutinib discontinuation in 60% to 65% of patients, while cardiac complications were the cause in 8% to 10% of patients. Cardiac events included atrial fibrillation, ventricular arrhythmias and cardiac arrest. The current study expands on prior published experience from our group in which the 3-year cumulative incidence of atrial fibrillation in 112 WM patients on ibrutinib was reported at 9%.^[@R26]^ More recently, mounting data suggests also an increased risk of ventricular arrhythmias with ibrutinib therapy.^[@R27]--[@R29]^ Based on these emerging data, a thorough discussion on atrial and ventricular events should be undertaken between practitioners and patients prior to ibrutinib initiation.

The present study is not without limitations. All patients were treated with ibrutinib at a single, specialized referral center. However, our cohort included consecutive WM patients with clinical features consistent with those reported in population-based studies.^[@R30]^ In addition, we were unable to address potential differences in rates of adverse events between patients on and off clinical trials due to non-uniform adverse event assessment. Also, as with most retrospective studies, there were missing data. However, occurrence of missing data was at random, and in most variables with missing data, the proportion was \<10%.

In summary, ibrutinib is effective in the routine clinical care of both treatment-naïve and previously treated WM patients. CXCR4 mutational status affects PFS in WM patients on ibrutinib therapy off clinical trials. The findings of our study validate the efficacy of ibrutinib reported in phase II clinical trials.
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